A broadcast strategy for multiple access communication over slowly fading channels is introduced, in which the channel state information is known to only the receiver. In this strategy, the transmitters split their information streams into multiple independent information streams, each adapted to a specific actual channel realization. The major distinction between the proposed strategy and the existing ones is that in the existing approaches, each transmitter adapts its transmission strategy only to the fading process of its direct channel to the receiver, hence, directly adopting a single-user strategy previously designed for the single-user channels. However, the contribution of each user to a network-wide measure (e.g., sum-rate capacity) depends not only on the user's direct channel to the receiver, but also on the qualities of other channels. Driven by this premise, this paper proposes an alternative broadcast strategy in which the transmitters adapt their transmissions to the combined states resulting from all users' channels. This leads to generating a larger number of information streams by each transmitter and adopting a different decoding strategy by the receiver. An achievable rate region and an outer bound that capture the tradeoff among the rates of different information layers are established, and it is shown that the achievable rate region subsumes the existing known capacity regions obtained based on adapting the broadcast approach to the single-user channels.
receiver. An alternative scenario in which each transmitter has the CSI of its direct channel to the receiver while being unaware of the states of other users' channels is studied in [17] , where a transmission approach based on rate splitting and sequential decoding is proposed.
In this paper, we take a different approach based on the premise that the contribution of each user to the overall performance of the multiple access channel not only depends on the direct channel linking this user to the receiver, but also is influenced by the relative qualities of the other users' channels. Hence, we propose a strategy in which the information streams are generated and adapted to the combined state of the channel resulting from incorporating all individual channel states. In order to highlight the distinction with the existing approaches, consider a two-user MAC in which each channel takes one of the two possible states, referred to as weak and strong channels. The approach of [16] assigns two streams to each transmitter, one apt for the weak channel, and the second one suited to the strong channel. Each transmitter generates and transmits these streams without regards for the possible states of the other user's channel. In the proposed approach, in contrast, we leverage the fact that the two channels take a combination of four possible states. Hence, every transmitter generates four information streams, each suited to one of the four possible states. The proposed approach leads to an equivalent network with a number of receivers each corresponding to one possible combination of all channels. We provide an achievable rate region and an outer bound on the capacity of this resulting multi-terminal network, and show that the achievable rate region of this network is considerably larger than the capacity region of the model presented in [16] . The proposed approach is further extended from the two-state channel to the general finite-state channels, and the corresponding achievable rate region is characterized. We remark that the discrepancy and improvement in the capacity region compared to [16] is due to modeling the channel differently, which facilitates a finer resolution in adapting the codebooks to the channel states as well as in decoding them.
The remainder of the paper is organized as follows. The finite-state channel model is presented in Section II. The layering (rate-splitting) and the successive decoding approach, which constitute the proposed approach, as well as an achievable rate region and an outer bound for the two-state channel are presented in Section III. The proposed approach and the achievable rate region are generalized to the finite-state channels in Section IV, and Section V concludes the paper.
II. CHANNEL MODEL
Consider a two-user multiple access channel, in which two independent users transmit independent messages to a common receiver via a discrete-time Gaussian multiple-access fading channel. All the users are equipped with one antenna and the random channel coefficients independently take one of the ∈ N distinct values, denoted by { √ α m : m ∈ {1, . . . , }}. The fading process is assumed to remain unchanged during each transmission cycle, and can change to independent states afterwards. Channel states are unknown to transmitters, while the receiver is assumed to have full CSI. The users are subject to an average transmission power constraint P. By defining X i as the signal of transmitter i ∈ {1, 2} and h i as the coefficient of the channel linking transmitter i ∈ {1, 2} to the receiver, the received signal is
where N accounts for the additive white Gaussian with mean zero and variance 1. Depending on the realization of the channels h 1 and h 2 , the multiple access channel can be in one of the 2 possible states. By leveraging the broadcast approach (c.f. [12] , [14] , and [16] ), the communication model in (1) can be equivalently presented by a broadcast network that has two inputs X 1 and X 2 and 2 outputs. Each output corresponds to one possible combinations of channels h 1 and h 2 . We denote the output corresponding to the combination
where N mn is a standard Gaussian random variable for all m, n ∈ {1, . . . , }. Figure 1 depicts this network for the case of the two-state channels ( = 2). Without loss of generality and for the convenience in notations, we assume that channel gains {α m : m ∈ {1, . . . , }} take real positive values and are ordered in the ascending order, i.e., 0 < α 1 < α 2 < · · · < α . We use the notation C(x, y) = 1 2 log 2 1 + x y+ 1 P throughout the paper.
III. TWO-STATE CHANNELS ( = 2)
We start by analyzing the setting in which the channels take one of the two possible values, i.e., = 2. This setting furnishes the context in order to highlight the differences between the proposed streaming and successive decoding strategy in this paper and those investigated in [16] . By leveraging the intuition gained from the two-state setting, we generalize the codebook generation and the successive decoding strategies to accommodate a fading process with any arbitrary number of finite channel states in Section IV. Throughout the rest of this section, we refer to channels α 1 and α 2 as the weak and strong channels, respectively. 
A. Background: Adapting Streams to the Single-User Channels
In order to motivate the proposed approach, we start by reviewing the broadcast strategy concept for a single-user channel introduced in [12] , and its generalization for the twouser multiple access channel investigated in [16] . When facing a two-state channel, the single-user strategy of [12] splits the information stream of the transmitter into two streams, each corresponding to one fading state, and encodes them independently. The two encoded information streams are subsequently superimposed and transmitted over the channel. One of the streams, denoted by W 1 , is always decoded by the receiver, while the second stream, denoted by W 2 , is decoded only when the channel is strong. The successive decoding order adopted in this approach is presented in Table I. This strategy is adopted and directly applied to the multiple access channel in [16] . Specifically, it generates two coded information streams per transmitter, where the streams of user i ∈ {1, 2} are denoted by {W i 1 , W i 2 }. Based on the actual realizations of the channels, a combination of these streams are successively decoded by the receiver.
In the first stage, the baseline streams W 1 1 and W 2 1 , which constitute the minimum amount of guaranteed information, are decoded. Additionally, when the channel between transmitter i and the receiver, i.e., h i is strong, in the second stage information stream W i 2 is also decoded. Table II depicts the decoding sequence corresponding to each of the four possible channel combinations.
B. Adapting Streams to the MAC
Contribution of user i ∈ {1, 2} to a network-wide performance metric (e.g., sum-rate capacity) depends not only on the quality of the channel h i , but also on the quality of the channel of the other user. This motivates assigning more information streams to user i and adapting them to the combined effect of both channels, instead of adapting them only to channel h i . Designing and assigning more than two information streams to each transmitter facilitates a finer resolution in successive decoding, which in turn expands the capacity region characterized in [16] . We assume that each transmitter splits its message into four streams corresponding to the four possible combinations of the two channels. These codebooks for transmitter i ∈ {1, 2} are denoted by {W i 11 , W i 12 , W i 21 , W i 22 }, where the information stream W i uv is associated with the channel realization in which the channel gain of user i is α v , and the channel gain of the other user is α u . These stream assignments are demonstrated in Fig. 2 .
The initial streams {W 1 11 , W 2 11 } account for the minimum amount of guaranteed information, which are adapted to the channel combination (h 2 1 , h 2 2 ) = (α 1 , α 1 ) and should be decoded by all four possible channel combinations. When at least one of the channels is strong, the remaining codebooks are grouped and adapted to different channel realizations according to the assignments described in Fig. 2 . Specifically:
• The second group of streams {W 1 12 , W 2 21 } are reserved to be decoded in addition to {W 1 11 , W 2 11 } when h 1 is strong, while h 2 is still weak. • Alternatively, when h 1 is weak and h 2 is strong, instead the third group of streams, i.e., {W 1 21 , W 2 12 }, are decoded. • Finally, when both channels are strong, in addition to all the previous streams, the fourth group {W 1 22 , W 2 22 } is also decoded.
The orders of successive decoding for different combinations of channel realizations are presented in Table III . Based on this successive decoding order, channel gain state (α 1 , α 1 ) is degraded with respect to all other states (i.e., the capacity region of the MAC corresponding to receiver Y 11 is strictly smaller than those of the other three receivers), while (α 1 , α 2 ) and (α 2 , α 1 ) are degraded with respect to (α 2 , α 2 ). Clearly, the codebook assignment and successive decoding approach presented in Table III subsumes the one proposed in [16] , as presented in Table II . In particular, Table II can be recovered as a special case of Table III by setting the rates of the streams {W 1 21 , W 2 21 , W 1 22 , W 2 22 } to zero. This implies that the proposed strategy should perform no worse than the one described in Table II . This codebook assignment and decoding order gives rise to the equivalent broadcast network with two inputs Remark 1: Adopting the proposed broadcast approach transforms the original two-user MAC to a multi-terminal network consisting of two transmitters and four receivers, where each receiver is designated to decode a pre-specified set of codebooks. The resulting multi-terminal network model is different from that of [16] , and is expected to have a different capacity region. In the following two subsections, we provide an achievable rate region and an outer bound on the capacity of the network depicted in Fig. 3 .
Remark 2: For adopting the notion of broadcast approach to the settings beyond the single-user single-antenna settings, the key element to be borrowed and generalized is the concept of degradedness, which allows for ordering the channels based on their qualities. In multi-user settings, this notion is not always as well-defined as in the single-user singleantenna case, and often involves heuristic ways of ordering the channels. In the approach proposed in this subsection, we use the capacity region of the multiple access channels formed from the transmitters to each of the four possible receivers, where it can be readily verified that as for each of these four multiple access channels, the capacity region expands as one of the channels becomes stronger.
C. Achievable Rate Region
This subsection delineates the region of all achievable rates R i uv for i, u, v ∈ {1, 2}, where R i uv accounts for the rate of codebook W i uv . We define β i uv ∈ [0, 1] as the fraction of the power that transmitter i allocates to streams W i uv for u ∈ {1, 2} and v ∈ {1, 2}, where we clearly have 2 u=1 2 v=1 β i uv = 1. For the convenience in notations, and in order to place the emphasis on the interplay among the rates of different information streams, we consider the case that relevant streams from different users have identical rates, i.e., rates of information streams W 1 uv and W 2 uv , denoted by R 1 uv and R 2 uv respectively, are the same, and denoted by R uv , i.e., R uv = R 1 uv = R 2 uv . The results can be readily generalized to arbitrarily different rates for different streams.
Theorem 1 (Achievable Region): The achievable rate region of the rates (R 11 , R 12 , R 21 , R 22 ) for the channel depicted in Fig. 3 is the set of all rates satisfying:
where {r 11 , r 12 , r 21 , r 22 , r 1 , r 12 , r 21 } are defined in Appendix A, over all possible power allocation factors β i uv ∈ [0, 1] such that 2 u=1 2 v=1 β i uv = 1. Proof: The proof follows from the structure of the ratesplitting approach presented in Fig. 2 and the decoding strategy presented in Table III . Detailed proof is provided in Appendix B. In order to compare the achievable rate region in Theorem 1 and the capacity region presented in [16] , we group the information streams in the way that they are ordered and decoded in [16] . Specifically, the streams {W 1 21 , W 2 21 , W 1 22 , W 2 22 } are allocated zero power. Information streams W 1 11 and W 2 11 are adapted to the weak channels, and the information streams W 2 12 and W 2 12 are reserved to be decoded when one or both channels are strong. Information streams adapted to the strong channels are grouped and their rates are aggregated, and those adapted to the weak channels are also groups and their rates are aggregated. Based on this, the region presented in Theorem 1 can be used to form the sum-rates R w = (R 1 11 + R 2 11 ) and R s = (R 1 12 + R 2 12 ). Corollary 1: By setting the power allocated to streams {W 1 21 , W 2 21 , W 1 22 , W 2 22 } to zero, the achievable rate region characterized by Theorem 1 reduces to the following region, which coincides with the capacity region characterized in [16] .
and
where {a 3 , a 4 , a 6 , a 8 , a 9 } are defined in Appendix B.
Proof: See Appendix D.
D. Outer Bound
In this subsection, we present an outer bound for the capacity region of the network in Fig. 3 for our proposed encoding and decoding strategy.
Theorem 2 (Outer Bound): An outer bound for the capacity region of the rates (R 11 , R 12 , R 21 , R 22 ) for the channel depicted in Fig. 3 is the set of all rates satisfying:
where r 22 is defined in Appendix A and constants {a 3 , a 24 , a 27 } are defined in Appendix B.
Proof: See Appendix C. Distance of this outer bound from the achievable rate region depends on the values of the channel parameters, i.e., channel coefficients, transmission power, and noise variance. Fig. 4 . Comparison of the capacity region presented in [16] and achievable rate region in Theorem 1 demonstrating the trade-off between R s and R w , and R s andR w . Here, transmission signal-to-noise ratio (SNR) is 10, the channel coefficients are (
E. Numerical Evaluations
First, we assess and compare the achievable rate region for the proposed approach in this paper (Theorem 1) with the region provided by Corollary 1 and [16] in Fig. 4 . Since the latter ones evaluate the trade-off between the sum-rates of the information streams adapted to the weak and strong channels, we provide the comparison as the same trade-off. For this purpose, corresponding to the coding scheme of [16] (Table II) we have earlier defined the sum-rates
and for the coding scheme proposed in this paper (Table III) we defineR
Figure 4 demonstrates the regions described by (R w , R s ) and (R w ,R s ), in which the transmission signal-to-noise ratio (SNR) is 10, the channel coefficients are ( √ α 1 , √ α 2 ) = (0.5, 1), and the regions are optimized over all possible power allocation ratios. The numerical evaluation in Fig. 4 confirms that the achievable rate region in Theorem 1 dominates that of Corollary 1, and the gap between two regions diminishes as the rates of the information layers adapted to the strong channels increase i.e., R s andR s increase. Next, we evaluate the average rate as a relevant and proper measure for characterizing the performance of the proposed approach. The average rate is achievable with sufficient number of transmission cycles, where each cycle undergoes an independent fading realization. We consider a symmetric model, in which the corresponding information streams are allocated identical power, and have the same rate, and set
. Also, we consider a symmetric distribution for h 1 and h 2 such that P(h 2 1 = α i ) = P(h 2 2 = α i ) for i ∈ {1, 2}, and define p = P(h 2 1 = α 1 ) = P(h 2 2 = α 1 ). By leveraging the stochastic model of the fading process, the average rate is
Based on the average rate in (15), we present the average rate of the proposed approach and compare it with that yielded by the approach of [16] . For the numerical evaluations we consider a two-state channel in which we fix the strong channel by setting α 2 = 1 and let the weak channel α 1 vary between 0 and 1. In all settings, we assume that the SNR is 5 dB. Specifically, the results in Fig. 5 depict the variations of the maximum average rate versus α 1 ∈ [0.25, 1] for different choices of the probability p. Based on these notations, Fig. 5 depicts the variations of the maximum average rate versus α 1 and for different values of p. It is observed that for a wide range of α 1 the proposed approach shows considerable gains, and as p (i.e., the probability of encountering a weak channel) decreases, the performance gaps becomes even more significant. Small values of p, essentially, capture the settings in which both channels have similar qualities with a high probability. In Fig. 5 , as α 1 increases, the average rate initially decreases, and after reaching its minimum the trend is reversed. This minimum point moves towards the lower values of α 1 as p, i.e., the likelihood of encountering a weak channel, increases. The reason underlying this trend is that under interference, the overall quality (e.g., sum-rate) depends on the relative strengths of the direct and interfering links, rather than their absolute values. Since each of the four receivers decodes a number of codebooks from each transmitter, and treat the rest as Gaussian noise, by changing α 1 on the one hand the codebooks to be decoded from transmitter 1 enjoy a higher quality channel, and on the other hand, all the remaining codebooks from the same transmitter impose higher interference. Hence, overall, by monotonically changing α 1 , we cannot expect to observe a monotonic change in the sumrate. Figure 6 depicts the variations of the average sum-rate versus p and for different values of α 1 . The observations from this figure also confirm that higher gain levels are exhibited as p decreases. It is noteworthy that the results from Fig. 4 validates the observations from Fig. 5 and Fig. 6 that improvement in average rate is significant when probability of encountering weak channel state is low since the rate distribution considered in the achievable rate region comparison will correspond to average rate if probability of observing α 1 is zero.
Finally, we assess the relative proximity of the outer bound defined in Theorem 2 to the achievable rate region presented in Theorem 1 for two different levels of SNR. Figure 7 depicts the variations ofR w versusR s for SNR values 1 and 5, and the choice of ( √ α 1 , √ α 2 ) = (0.5, 1). Corresponding to each SNR, the figure illustrates the capacity region obtained by the approach of [16] , as well as the achievable rate region and the outer bound of the proposed approach in this paper.
IV. MULTI-STATE CHANNELS ( ≥ 2)

A. Codebook Assignment and Decoding
In this section, we extend the proposed codebook assignment and decoding strategy designed for the two-state channel to the general multiple-state channel with ∈ N states. Similar to the two-state channel, we follow the principle of assigning codebooks based on combined network state, according to which a separate stream of information is designated to each combination of the individual channel states, which necessitates 2 codebooks per user. Hence, for i, j ∈ {1, . . . , }, the codebook assignment strategy for the users is summarized as follows.
Corresponding to the combined channel state (h 2 1 , h 2 2 ) = (α q , α p ) we assign codebook W 1 pq to User 1 and codebook W 2 qp to User 2. By following the same line of analysis as in the two-state channel, the network state (h 2 1 , h 2 2 ) = (α 1 , α 1 ) can be readily verified to be degraded with respect to states (α 1 , α 2 ), (α 2 , α 1 ), and (α 2 , α 2 ) when α 2 > α 1 . Additionally, channel combinations (α 1 , α 2 ) and (α 2 , α 1 ) are also degraded with respect to state (α 2 , α 2 ). When a particular user's channel becomes stronger while the interfering channel remains constant, the user affords to decode additional codebooks. Similarly, when a user's own channel remains constant while the interfering channel becomes stronger, again the user affords to decode additional information. This can be facilitated by decoding and removing the message of the interfering user, based on which the user experiences reduced interference. Based on these observations, for the multiple-state channels we order h 1 and h 2 in the ascending order and determine their relative degradedness by considering multiple two-state channels with α 1 and α 2 equal to any two adjacent realizations from the ordered values of h i . This strategy is illustrated in Table IV , in which different channel coefficients h 2 1 and h 2 2 are listed in the ascending orders. In this table A p,q denotes the cell in the p th row and the q th column, and it specifies the set of codebooks U pq to be decoded by the combined channel state (h 2 1 , h 2 2 ) = (α q , α p ). In this table, the set of codebooks to be decoded in each possible combined state is recursively related to the codebooks decoded in the weaker channels. Specifically, the state corresponding to A p−1,q−1 is degraded with respect to states A p,q−1 and A p−1,q . Therefore, in the state A p,q , the receiver decodes all streams from states
, as well as one additional stream from each user, i.e., W 1 pq and W 2 qp . When both channel coefficients have the highest possible values, all the streams from both users will be decoded at the receiver.
B. Achievable Rate Region
In this section, we extend the achievable rate region characterized by Theorem 1 for the general multi-state channel. It can be verified that the region characterized by Theorem 1 is subsumed by this general rate region as formalized in Corollary 2 and shown in Appendix F. Similarly to the twostate channel settings, we define R i uv as the rate of codebook W i uv for i ∈ {1, 2} and u, v ∈ {1, . . . , }. We also define β uv ∈ [0, 1] as the fraction of the power allocated to the codebook W i uv , where u=1 v=1 β uv = 1. Similarly to the two-state channel setting, for the convenience in notations and for emphasizing the interplay among the rates, we consider a symmetric case in which R uv = R 1 uv = R 2 uv . Theorem 3 (Achievable Region): A region of simultaneously achievable rates
for an -state two-user multiple access channel is characterized as the set of all rates satisfying: 
V. CONCLUSIONS
We have proposed a broadcast approach for multiple access communication over a slowly fading channel. While the receiver knows the instantaneous channel states, the states are assumed to be unknown to the transmitters. The existing broadcast approaches applied to multiple access communication, directly adopt the approach designed for the single-user channel in which information streams are adapted to the state of the single-user channel. In this paper, we have proposed an encoding strategy in which the information streams are adapted to the combined states of the channels, and have presented a successive decoding strategy for decoding as much information as possible at the receiver, based on the actual channel states. We have characterized the achievable rate region and an outer bound, and have shown that the achievable rate region subsumes the existing known regions in which the information streams are adapted to the single-user channels.
APPENDIX A CONSTANTS OF THEOREM 1
By definingβ uv = 1−β uv , the terms used for characterizing the achievable rate region specified in Theorem 1 are:
APPENDIX B PROOF OF THEOREM 1
Information Streams {W 1 11 , W 2 11 }: In this section, we first prove that the successive decoding strategy outlined in Table III for the two-user MAC with two states per channel and no channel state information at the transmitter achieves the region specified in Theorem 1. Without knowing the CSI, each transmitter sends its message encoded in four separate streams, as specified in Fig. 2 . At the receiver side, the receiver performs successive decoding by first decoding the streams W 1 11 and W 2 11 , which are adapted to the weak channels, i.e., (h 2 1 , h 2 2 ) = (α 1 , α 1 ). At this decoding stage, all other remaining streams are treated as noise. Under such a scheme, successful decoding of these two streams requires that their individual rates and sum rate are within a region characterized by (R 1 11 , R 2 11 ) and limited by a set of inequalities that forms the boundaries of the capacity region of a two-user MAC. Specifically, streams W 1 11 and W 2 11 can be decoded successfully if their corresponding rates satisfy the following conditions under various possible channel state combinations.
• Channel state (α 1 , α 1 ):
• Channel state (α 1 , α 2 ):
• Channel state (α 2 , α 1 ):
• Channel state (α 2 , α 2 ): 
Furthermore, since the objective is to find the achievable rate region when corresponding streams of the two users have equal rates, and consequently, equal power, we set
Based on this assumption, we find that a 4 = a 8 . As a result, the inequalities in (41)-(43) reduce to 
In the second stage, information streams {W 1 12 , W 2 12 , W 1 21 , W 2 21 } are jointly decoded. Based on this, we obtain the following set of constraints on the rates associated with these information streams.
For the simplicity in notations, and in line with the desired achievable rate region, we assume that the corresponding information streams of the two users have identical rates and powers, as specified in (44) 
which is the constraint specified in (4 
which is the constraint specified in (5) . Next, for obtaining the bound on the sum-rate (R 12 + R 21 ), we leverage (48), (51), (56), (58), (59), (61), and (66), and obtain min a 15 , a 18 , a 23 , a 25 , a 26 , a 
which follows the observation that a 15 = a 18 and a 23 = a 25 = a 26 = a 28 ≥ 1 2 a 33 . By further invoking (67) and (68) we obtain
which after dropping the redundant term simplifies to (6) . Next, based on (62) and (64) we have a 29 = a 31 , and subsequently,
By further taking into account the constraints on the individual rates R 12 and R 21 , as well as the constraint on (R 12 + R 21 ), we get 2R 12 + R 21 ≤ min{2r 12 + r 21 , r 12 + r 1 , r 12 }, (72) which after dropping the redundant terms, we obtain the desired constraint in (7) . Finally, based on (63) and (65) we have a 30 = a 32 , and subsequently, 
Hence, under equal power allocation and equal rates in corresponding information streams, we have
which establishes the constraint in (9) .
APPENDIX C PROOF OF THEOREM 2
In this section, we derive an upper bound for the capacity region of the network corresponding to Theorem 1. This region is derived by demonstrating that the rates outside this region cannot be achieved with arbitrarily small error rate. Achievable rate region presented in Theorem 1, may or may not coincide with this outer bound depending on values of the power allocation parameters, channel coefficients, and probability distribution function of the codebooks.
Consider n channel uses, and consequently, codewords with length n. Define W 1 i j = {1, . . . , 2 n R 1 i j } and W 2 i j = {1, . . . , 2 n R 2 i j } as the set of indices of the messages in the information streams W 1 i j and W 2 i j , respectively. M 1 i j and M 2 i j are the inputs to the encoders drawn independently and uniformly from the set of messages W 1 i j and W 2 i j , respectively. For ∈ {1, 2} and ∀M i j , define X n i j = X n i j (M i j ) as the output of the encoder of user . Similarly, define (M 1 i j (Y n ),M 2 i j (Y n )) as the output of the decoder. Also, we define X n = {X 1 n 11 , X 1 n 12 , X 1 n 21 , X 1 n 22 , X 2 n 11 , X 2 n 12 , X 2 n 21 , X 2 n 22 } as the set of all encoder outputs corresponding to both users. 
where P n → 0, and subsequently, 22,n → 0, as n → ∞. Hence,
where, X i denotes a set consisting of the i th component of each element of X n , (84) follows by applying inequality (80); (85) follows from data processing inequality; (89) follows from the chain rule of entropy function and due to the channel being memoryless. On the other hand, noting that 
Next, note that channel
is statistically equivalent tõ
where var(Ñ 11,i ) = α 2 α 1 − 1, andỸ 11,i = Y 22,i +Ñ 11,i . Therefore,
As a result, there exist
Therefore,
which implies that
Information Streams {W 1 12 , W 1 21 , W 2 12 , W 2 21 }: Next, we determine an outer bound on the rates of information streams W i 12 and W i 21 for i ∈ {1, 2}. For this purpose, we focus on the channel state (h 2 1 , h 2 2 ) = (α 2 , α 2 ) and we obtain a set of outer bounds. By following the same line of analysis, it can be readily shown that the constraints enforced by other channel state combinations will be redundant.
Now, from (92) we obtain 
which concludes the proof.
APPENDIX D PROOF OF COROLLARY 1
Similarity in rate splitting, superposition coding, and successive decoding becomes apparent by directly comparing the entries of Table II and Table III 
By comparing the capacity region presented in [16] , the sumrate of the two lower information streams W 1 11 and W 2 11 will be less than or equal to the minimum of two sum-rates. One is the minimum of the sum-rate under different combination of channel states when one or both users have weak channels, i.e., min{a 3 , a 6 , a 9 }. The second sum-rate constrained is obtained by aggregating the constraints on the individual rates for information streams W 1 11 and W 2 11 which allow them to be decodable in all four possible channel states. The individual rate constraints take their smallest values when the interfering channel is strong while the user's own channel coefficient is weak. Furthermore, the survivors of all the constraints in (52)-(66) simplify to:
The combination of (125) and (128) establishes the achievable rate region based on the codebook assignment specified in [16] and in Table II .
By defining the sets 
where were have defined
APPENDIX F PROOF OF COROLLARY 2 Information Streams {W 1 11 , W 2 11 }: From (21) we have
and based on (32), (142), and (151) we find that b 11 (1) = C α 1 β 11 , (α 1 + α 2 )β 11 = a 4 .
Similarly, based on (31), (143), and (151) we have b 12 (1) = C 2α 1 β 11 , 2α 1β11 = a 3 .
Therefore, by combining the above two representations for b 11 (1) and b 12 (1) we obtain R 11 ≤ min{a 4 , 1 2 a 3 } = r 11 which is the constraint in (3) 
Similarly, based on (143) and (151) we have b 12 (2) = C 2α 2 β 22 , 0 .
which is the constraint in (9). 
Furthermore, from (133) and (146) we have b 2 (1, 2) = C α 2 β 12 , 2α 2 (1 − β 11 − β 12 − β 21 )
and based on (134), (146), and (57) we have b 3 (1, 2) = C 2α 2 β 12 , 2α 2 (1 − β 11 − β 21 − β 12 ) = C 2α 2 β 12 , 2α 2 β 22 = a 24 .
Since min{b 2 (1, 2), 1 2 b 3 (1, 2)} = 1 2 b 3 (1, 2) , therefore R 12 ≤ min{a 14 , 1 2 a 24 } = r 12 , which is the constraint in (4). Similarly, from (17), we can recover the constraint in (5) of Theorem (1) .
In order to recover the sum-rate constraint in (6), we set u = 1 and v = 2 and based on (18) we obtain R 12 + R 21 ≤ min b 6 (1, 2), b 7 (1, 2), 
which is the constraint in (6) . Finally, by setting u = 1 and v = 2 in (19), we find that 2R 12 + R 21 ≤ b 9 (1, 2). From Equation ( 
which is the constraint in (7) . The constraint in (8) can be recovered in a similar fashion.
